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Experlment 36 | | | |
~ The Enthalpy and Entropy of Excxmer Formatlon

' Ob|ect|v e To determine the enthalpy and entropy of formation of the dimer between ground
state and electromcally excited pyrene molecules in solution.

Introd uction We know that the physical and chemical properties of a molecule are dictated
by the nature of its electronic structure. It is not surprising, therefore, that such properties as
acidity, dipole moment, and chemical reactivity may change considerably upon electronic
excitation, in which there may be an abrupt change in the electronic wavefunction. In this
~experiment, you will investigate the pairwise interaction between pyrene molecules. The
characteristics that we consider here relate to the difference in the properties of the interaction
potential between two ground state molecules and also between a ground state and an
electronically excited molecule. :

Consider, then, the approach of two pyrene molecules along an axis perpendicular to their
molecular planes. If both molecules are in the ground electronic state, there will be a very weak
~van der Waals attraction at moderate distances. At much closer approach, of course, significant
intermolecular repulsion occurs. If, however, one of the molecules is in its electronically excited
state (as a result of light absorption), and it is allowed to approach a ground state species with the
appropriate orientation, a stable dimer will form. This dimer, whose structure is proposed to have
a “sandwich” configuration (see below), is formed reversibly; that is, it can thermally dissociate
back into an electronically excited pyrene molecule (excited monomer) and a ground state species.
This unusual dimeric species is stable as long as it possesses electronic excitation but dissociates
as soon as this electronic excitation is dissipated and the system returns to the ground state. Such
a species is called an excimer (from excited dlmer) :

Pyrene - Pyrene crystal dimer

A bound state that arises from the interaction between two dissimilar species when one is
electronically excited is sometimes called an exciplex (excited complex) or heteroexcimer. Like
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an excimer
only when an electronically excited molecule and
close contact with each other scence is often used as a probe of molecular

emission) between bound and unbound states.

The maximum in the excimer emission spectrum corrresponds to transitions between the
minimum of the excimer potential well (which exists at the equilibrium separation between the
excimer components) and the unbound, ground state dimer having the same intermolecular
separation as the excimer. Hence, excimer formation involves the creation of a bound species
subsequent to photon absorption. Conceptually, this is the reverse of photodissociation, in which
light absorption results in bond breakage. Moreover, photon emission in the excimer
(fluorescence) brings about molecular dissociation, since the repulsive ground state pair rapidly
dissociates. L
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Figure 1. Potential energy of two pyrene molecules as a function of intermolecular Separation. The
coordinate r describes the approach of the molecules having the equilibrium orientation of the excimer.
The right-hand transitions represent the isolated monomer M).
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~ In the above scheme, I
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The potential energy diagram in Figure 1 can also be used to compare the emission
energies of monomer and excimer in terms of the excimer binding energy, B, and the ground state
repulsion energy, R. Thus,

hvy = By + B + R, o M

where hv,, represents the monomer fluorescence energy (called the 0-0 energy because the

‘transition takes place between excited and ground state monomers possessing zero quanta of

vibrational energy), and kv, is the energy of the excimer fluorescence maximum. The binding
energy of the excimer is just the negative of its enthalpy of formation, i.e., B = - AH (the system
is studied at constant pressure). '

Kinetic Scheme

Excimer formation (called photoassociation) and reversible dissociation can be represented by the
following set of elementary processes, or mechanism:

Process Equation Rate Constant
1. Electronic excitation M+ hvy, M . (rate = I,)
2. Photoassociation M+M_D : ‘ kpu
3. Excimer dissociation DM+ M , kyp
4. Excited monomer decay - = M — M + hv,, - Ky
M M+ - K
5. Excimer decay D" (M) + hv, , ko
| D' M + - ki
hvabs ) +M kp | R
. i .
M— M m D
Y NN\
M + hyy, M 2M 2M + hvp

s 18 the number of moles of photons (einsteins) absorbed by ground state
monomer per cubic decimeter per second. For convenience, k,, and &, are defined as the total
intrinsic (i.e., intramolecular) decay rate constants of monomer and excimer, respectively,
independent of photoassociation or dissociation, i.e., :

kM'= ka +ky and Kk, = kﬂ) + Ky )

kpu is the second-order rate constant for excimer formation from M and M* (DM denotes “dimer
from monomer”), and £, refers to the first-order rate constant for the dissociation of the excimer
into M" and M (MD denotes “monomer from dimer”). The formation rate of excited monomer (in
mol dm™ s7) is : ' - :
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amy _, P |
o = L (b * o )T+ D, ®
thle fhat for fhe ex;:imer is
AP = 4, MM - (ky + o )iDT ®

dat

Note that &y, [M] is the pseudo-first-order rate of formation of excimer from excited and ground
state monomers. Also, it is implied that [M'] << [M]; i.e., a very small fraction of monomer is
electronically excited. In experiments using conventional light sources (arc lamps, not focused
lasers) this is indeed the case. ‘ -

Under conditions of steady-state illumination, the rates in both equations (3) and (4) are
equal to zero (photostationary conditions). The ratio of [D] to [M"] can be thus obtained

[D *] _ Kpu [M] _
M1k *

o)

It stands to reason that since the objective of this experiment is the determination of

thermodynamic quantities, we must determine the temperature dependence of the excimer
formation equilibrium constant. Therefore, the first thing we need to do is to obtain the
equilibrium concentrations of M, M", and D", First, we will assume that the equilibrium ground
state concentration [M] is equal to the bulk pyrene concentration. This is consistent with the
inequality [M'] << [M] discussed above. The second crucial, and fundamental, assumption is that
the fluor (i.e., fluorescent species) concentration (.e., [M] or [D]) is proportional to its
respective fluorescence intensity. This is a basic tenet of spectrofluorimetry and is perhaps
analogous to Beer's law in absorption spectrophotometry. o ’

This experiment is based on the fact that it is possible to obtain the ratio of excimer to
excited monomer concentrations from the measured fluorescence intensities, each measured at the
appropriate wavelength. Both of the fluor concentrations are assumed to be proportional to the
respective integrated fluorescence intensities (areas under the monomer and excimer fluorescence
spectra), ' ‘

Ig = kM1 and L, =k, [D], ©)

where the proportionality constants are the radiative rate constants. The dimensions of I, are
einsteins dm™ s™! (an einstein is 1 mol of photons). Combining equations (5) and (6), we have

In _ kykpy[M]
Lo Kpykp + Kyyp)
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' Equatlon (7) is central to the appllcatxon of photostatlonary techniques to the study of
~ photoassociation. (The distinction between the mtegrated and “mstantaneous” fluorescence

intensities will be discussed below.)
Because we seek thermodynamic data, we will examine the temperature dependence of

v equatlon (7). First, we make the general observation that both the formation and dissociation rate

constants are temperature-dependent and can be expressed in Arrhenius form:

' ~Epy ' ~Eyp
kou = Apy ¢XP( RT ) apd ko = Ayp exp( RT | @)

where the A’s and E’s are the preexponential factors and activation energies, respectively. Because
intermolecular excimer formation is restricted only by. molecular transport, or diffusion, the
activation energy, Ep,,, is related to the activation to viscous flow of the solvent medium. E,,,
however, reflects the intrinsic strength of the “excimer bond” as well as the energetics of
molecular diffusion. This is because E,;, represents the activation energy for the dissociation of
the bound excimer into separated and individually solvated excited and ground state constituents.

If we assume that the temperature dependence of k,,,, the rate constant for thermally
activated excimer dissociation, is much larger than that for k,, the intrinsic decay rate of excimer
(indeed, for many systems, kj, is nearly temperature-independent), we have kMD >> k, in the limit
of hlgh temperature. Applying this result to equation (7), we have : :

ﬁ)_ - ka kDM [M]

I

Py (high 'tempera‘tgre). ©)
M fM"MD o

If we furthermore make the general assumption (which has beefi Ieonﬁnned by measurements of
several monomer/excimer systems) that both radiative rate constants (k,, and kp,) are temperature-
independent, an Arrhenius plot of I,/I,, yields, in the limit of high temperature, a slope

I
dln[ 7 ] o P ; o
M) - ( bM___MD ) (high temperature). (10)
1 R : s
dl =
4
See equations (7) and (8). Because E,,, > E,,, the desired binding energy (the negative of the
enthalpy of formation) of the excimer can be determined as the slope of such a plot.

At low temperatures, where excimer dissociation is slow compared with its mtnns1c decay
rate (i.e., k,p << k), we can write equatlon (7) as

'I _
P~ _J’M[A_ﬂ_ ~ (low temperature). ' (11)
Ly kMk, »
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An Arrhenius plot of the left-hand 51de of (7) w1ll have a slope approachmg

I
din| -2 |
It ~Epy ' : _
= (low temperature). , 12)

13

E,,, has been found to be closely related to the activation energy associated with molecular
diffusion (hence bulk viscous flow) in the solvent medium. This is one of the reasons that excimer
formation is interpreted as a diffusion-controlled process. -

An Arrhenius plot of equation (7) illustrates the behav1or of the monomer and excimer
fluorescence spectra over a wide temperature range (Figure 2). At low temperature, the ratio of
excimer to monomer emission is smail because excimer formation is impeded by the high viscosity

- of the solvent; indeed, in a glass or rigid medium, excimer formation does not take place because

~ of the inability of excited monomer and ground state species to diffuse. (It is possible, however,
that weak van der Waals dimers may be stable at low temperatures and that emission from these
directly photoexcited dimers may be observed. Strictly speaking, this is not excimer emission.)
At very high temperature, excimer emission is also suppressed because of the high dissociation
rate of the excimer. Thus there is an intermediate temperature at which there is a maximum
excimer emission intensity relative to the excited monomer. This temperature depends not only
~ on the nature of the excimer system (its binding energy and entropy of formation) but also on the
solvent characteristics such as its viscosity and activation to viscous flow.

high T - uT low T

Figure 2. Arrhenius plot of the ratio of excimer to monomer fluorescence intensities. The low-temperature
regime (right) reflects the activation energy of excimer formation, whereas the high-temperature regime
(left) indicates the “equilibrium” enthalpy of excimer formation. :
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Another very important condition, which is pertinent to the high-temperature limit ang is
crucial to this experiment, concerns the fact that if interconversion between photoexcited monomer
and excimer is rapid relative to the intrinsic decay rates of M" and D', these species are in dynamic
equilibrium. Thus with : .

koyM] >> ky,  and  k, >> k),

K., = Dl /IM Lq[M].,, we can express the true equilibrium constant (we assume unit activity
coefficients) for photoassociation as the ratio of the formation and dissociation rate constants.
Using this result and rearranging equation (9), we have

k k. T B

eq Kpy {){;/DIJM[M]
P ‘ .

The high-temperature or dynamic equilibrium regime can be depicted by an analogy to two
leaky containers connected to each other by two tubes, each containing a pump. Refer to Figure
3. The containers are filled with a liquid. If the leak rate in container 4 is small compared with
the rate of transport of liquid from container A4 to container B, and, likewise, the leak rate of
container B is small relative to the flow rate from B to 4, the amounts of liquid presert in each
container depend only onthe A — B and B — A flow rates, This situation thus represents the
dynamic equilibrium state; the volumes of liquid in 4 and B are intrinsic to the plumbing between
them. On the other hand, if one of the leak rates is too large, the volume of liquid in that container
will be depleted and will not reflect the “equilibrium” condition.

O 0 0 0=
© 0 0 o T

Figure 3. Hydrodynamic model of reversible reactions between two metastable (electronically excited)
species. '
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The link between Keq and the eﬁfhalpy and eniropy of excimer formation is

-RTInK, = AG® - TAS°, s

- and if we combine the expressions in equations (13) and (14), we can represént the temperature -
dependence of I, and Iy as o ,

1 k,, - 0 ’
in| Bf < | m |, AST AR ) (15)
Iy kM) R KT

Assuming that k;, and kg are temperature-independent, a plot of In (Iip/Iay) vs. 1/T should be
linear, having a slope equal to -AH%R. The intercept can also provide a value of AS® if we know
the ratio of the radiative rate constants of the excimer and monomer. While this information can
be obtained from fluorescence lifetime and efficiency studies, Stevens and Ban have described a
photostationary fluorimetric technique for obtaining AS° and AH ;2 we will discuss this below.

There is another interesting consequence of high-temperature conditions. Although the
distribution between D" and M* changes with temperature in this regime, the fotal concentration
of excited states (D" + M") remains constant. In other words, M and D" form a “closed system.”
Hence,

M1, + [D "]; = constant = M1, (16)

where the temperature dependence of the excited monomer and excimer concentrations is explicit.
The spectrometric significance is that there is a specific wavelength between the maxima of the
monomer and excimer emission spectra at which the emission intensity is independent of
temperature. This position, called the isostilbic (equal brightness) point, is analogous to the
isosbestic point (equal extinction) seen in absorption spectra when there is linear relationship
. between the concentrations of two absorbing species.

In order to proceed with the fluorimetric analysis, we must consider the important
distinction between the total molecular fluorescence intensity, I, (area under the spectrum), and
the fluorescence intensity at a specific wavelength, f,,. The latter is a function of energy or
wavenumbers [f,,(V) represents the monomer emission spectrum], whereas the former is a constant
at a given temperature and monomer concentration. This distinction is important, because in this
experiment, we measure fluorescence intensities of the monomer and excimer emission spectra at
specific wavelengths (e.g., the respective maxima) rather than the total areas under the spectra.
The relationships between the total intensity and the instantaneous intensity are

Ly = CffM(\?)d\';' and [, = C'ffD(V)dv . (17)

Cand C' are instrumental constants that link the integrals of instantaneous intensities with the
molecular fluorescence strengths.
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One problem with the analysis presented thus far is that we need the ratio of the excimer -
and monomer radiative rate constants, kplkny [see equations (7), (9), and (11)]. Although this
information can be obtained independently from fluorescence lifetime and (absolute) quantum
efficiency measurements, Stevens and Ban have described an approach that gets around this
problem. Observe in equation (15) that the value of k;/k,, is needed only to determine the entropy
of photoassociation (i.e., an absolute intercept). ’

Although the method for obtaining this information from fluorimetric measurements is
straightforward, the development of the result is presented in the appendix. The approach is as
follows.

Let Ryand R,, be the recorded intensities of excnmer and monomer at their respective
maxima. In the high-temperature regime, a plot of Ry S Ryb(for different temperatures) is
expected to be linear with a negative slope (-a/b). Thus, as the temperature increases, the excimer
intensity decreases with a concomitant increase in the monomer intensity. The relation used to
obtain the entropy and enthalpy of excimer formation is

RDO b AS° AH® -

In| —1§ = Iny[M]| — - .

" RS n{[ (a)} ' R RT (18)
M

Safe;y Precautiohs

O Safety glasses that block ultraviolet light must be worn during thls experlment

O Wear gloves when handling pyrene.

O Make sure you are instructed in proper pipetting techniques. Never pipet by mouth.

O If solid pyrene or its solutions come in contact with the skin, immediately wash the
affected area with soap and water.

0O A cylinder containing N, at hlgh pressure is used. Be sure it is securely attached to a
firm foundation. A reducing valve is used to deliver the N, at a pressure slightly above ambient
(< 5 psig). Do not change this pressure.

0O The fluorimeter may produce ozone. Make sure the ultraviolet source is vented. If you .
notice a sharp, pungent odor, inform your instructor immediately.

O The experiment must be performed in an open, well-ventilated laboratory.

Procedure

Prepare 25 mL of a 5.0 X 107> M solution of pyrene in methylcyclohexane. The pyrene should
be of high purity (and should be sublimed or recrystallized before use if necessary). The solvent
must have a negligible fluorescence background and preferably should be of spectrometric quality.

" Add sufficient solution to a fluorescence cell that is equipped with a gas-tight, PTFE
(Teflon) stopper. Deaerate by bubbling a fine stream of pure dry N, through the solution for 4 to
6 min. Control the gas flow so that solution is not expelled from the cell. [Deaerating with N,
is essential because it displaces dissolved oxygen, which significantly quenches the pyrene
fluorescence. This procedure'is an application of Henry's law; the air above the liquid is replaced




Tybn suoritus

Valmista pyreenistd CigHio (molekyylimassa M = 202,25 g/mol) 1*10% M liuos
metyylisykloheksaaniin. Laimenna tasta liuokset, joiden pitoisuudet ovat 5*10° M;
2,5%10° M ja 1*10° M. Liuoksia kuluu hyvin vdhan mittauksissa, joten 20 ml kutakin

liuosta riittaa.

Mittaa ndiden neljan liuoksen emissiospektrit huoneenlampdtilassa Varian Cary Eclipse
spektrofluorometrilla. Kéyta viritysaallonpituutta 370 nm ja mittaa emissiospektri
valilla 375-500 nm. Kayt4 seuraavia spektrometrin asetuksia: Excitation slit ”5 nm”,
Emission slit 2,5 nm”, Scan control "medium”, Excitation filter ”Auto”, Emission filter
”open”. Aseta PMT Detector voltage aluksi arvoon medium, mutta muuta tarvittaessa
arvoon "manual” ja pienemmaksi, jotta vakevimmankin liuoksen fluoresenssi pysyy
mittausasteikolla. Aseta my0s intensiteettiarvot nakyville spektreihin (label peaks Y
labels”, threshold ”30.07).

Lampétilasta riippuvat mittaukset tehdaan 5%10° M liuoksesta. Fluoresenssimittauksia
tehtdessa liuoksessa oleva happi aiheuttaa ongelmia, koska se vaimentaa fluoresenssia.
Liséksi liuenneen hapen maé&ard riippuu ldmpotilasta, joten lampdotilariippuvissa
mittauksissa se voi aiheuttaa tuloksiin merkittdvaa epatarkkuutta. T&mén vuoksi happea
poistetaan tutkittavasta liuoksesta kuplittamalla typped liuoksen lapi. Kaytad tdhén
vetokaappissa olevaa typpiletkuun kiinnitettya pasteur-pipettia. Tayta kyvetti 5*10° M
pyreeniliuoksella ja tyonna typpihanaan liitetyn pipetin kéarki liuoksen pohjalle. Saada
typpivirtausta neulaventtiilin avulla. Kuplita typped liuokseen 5-7 min ja sulje sen

jalkeen kyvetti korkilla, jossa on pieni reika lampomittarin anturia varten.

Tyonna lampomittarin anturi korkin reidsté liuokseen ja aseta kyvetti spektrometriin.
Lammitd liuos n. 30 asteiseksi ja anna lampdtilan stabiloitua noin 5 minuuttia ja mittaa
emissiospektri. Toista mittaus myds lampétiloissa 40, 50, 60, 65, 70, 75, 80, 85, 90 ja
95 astetta. Huom. Kyvetissa oleva nayte ei lampene aivan lammittimen nayttamiin
arvoihin, joten kayta lammittimen asetuksina esim. lampdtiloja 31, 41, 52, 62, 68, 73,
79, 84, 90, 95 ja 99 ja kayta laskuissa lampomittarin ndyttdmid ndytteen todellisia

lampotiloja. Muuta lammittimen asetus takaisin noin huoneenldmpdtilaan mittausten



jalkeen, jotta se ei rupea kuumenemaan heti, kun seuraava mittaaja kéynnistaa

lammittimen.

Tulosten kasittely

Vertaile eri konsentraatioista mitattuja fluoresenssispektreja keskenadn. Tee havaintoja
erityisesti eksimeerin ja monomeerin emission osuuksien suhteellisista muutoksista.

Kerro miten konsentraatio vaikuttaa eksimeerin muodostumiseen ja miksi.

Piirra eri lampdotiloissa mittaamasi fluoresenssispektrit samaan kuvaajaan. Tee
havaintoja spektrien muutoksista lampdtilan funktiona ja kerro mistd muutokset
johtuvat. Taulukoi monomeerin ja eksimeerin emissiointensiteetit (Ry° ja Rp°) eri
lampotiloissa, emission maksimien aallonpituuksilla. Maksimin paikka saattaa hieman
muuttua ldmpotilan  funktiona, mutta kdytd samoja aallonpituuksia kaikissa
lampotiloissa. Piirrd kuvaaja Ry® vs. Rp® lampdtila-alueen 60°C-85°C mittauspisteisté.
Tasta kuvaajan lineaariselta alueelta saat kulmakertoimesta vakion -a/b, josta saat

negatiivisena k&énteislukuna yhtalossa (18) esiintyvan vakion b/a.

Maarita eksimeerin muodostumisentalpia AH® seka muodostumisentropia AS° yhtalosta
(18) sopivalla suoran sovituksella. Kéytd yhtalossé edelld maarittdmaési vakiota b/a
sekd pyreeniliuoksen konsentraatiota [M]. Kaytd jalleen alueen 60°C-85°C
mittauspisteitd. Tamén jalkeen madrit4 vield eksimeerin sidosenergia B seka perustilan

repulsioenergia R.
Arvioi virheet suureille AH®, AS°, B jaR.

Vertaa tuloksiasi kirjallisuusarvoihin:
AH° = -7,8 kcal mol™ (sykloheksaanissa)
AS® = -18,5 cal mol™ K™ (etanolissa)

R = 7,9 kcal/mol (etanolissa)



Pohdittavia kysymyksia

1. Eksimeerilasereissa laserointi syntyy jalokaasun ja halogeenin muodostaman
eksimeerin emissiosta. Miksi eksimeereilld on helppo saada aikaan laserointi?
Vinkki: Mieti laseroivien tilojen miehityksia.

2. Onko seuraavassa vaittdmassa mielestdsi jarked: Eksimeerin perustila on
viritystila?

3. Todenndkdisyyttd milla lineaaristen polymeerien pédat sijaisevat toistensa
l&heisyydessd, voidaan tutkia kiinnittdmalla pyreenimolekyylit polymeerin
péihin. Mihin tdmé tekniikka perustuu?

4. Joillakin eksimeereilld emissiota voidaan havaita my6s hyvin matalissa
lampotiloissa. Miksi eksimeerin emissio kuitenkin l&hes katoaa liuottimen
Kiinteytyessa?

Lahteet:

Englanninkielinen tyoohje: Halpern A.M., Experimental Physical Chemistry 2nd
Edition, 1997, Prentice-Hall, Inc
Kirjallisuusarvot: Stevens and Ban, Trans. Faraday. Soc. 60:1515 (1964)
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